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Abstract

The subject of this paper is a numerical method, devised to perform transient venting analyses and
to describe the corresponding temperature response of a Cryogenic Transfer Line (CTL). In the
present treatment, the CTL was regarded as a single control volume, into which a saturated liquid
cryogen was introduced. Unsteady mass, momentum and energy conservation equations (i.e. for
the liquid and vapor phases) were solved in conjunction with Vanderwaal’s equation of state. A
fully-1implicit, successive substitution method was employed to solve the resulting coupled, non-
linear equations. A corresponding FORTRAN code was developed to predict the pressure and
temperature histories, within a CTL, for a proposed ground test facility at the Marshall Space
Flight Center. This paper includes a description of the test article and procedure.

1.0 Introduction

To successfully perform on-orbit re-supply of cryogenic fluids, a complete understanding of the
thermal and fluid dynamic transients associated with cooling the transfer systems must be
achieved. This requirement is of paramount importance, given that extended missions will require
re-supply. Affected missions/vehicles include (but are not necessarily limited to) manned
Lunar/Mars missions, the Space Transfer Vehicle (STV), the Space Station Freedom (SSF), and
the proposed super-fluid Helium users (e.g. Advanced X-Ray Astrophysics Facility and
ASTROMAG).

Chill-down of a transfer line is a natural consequence of routine cryogenic fluid transfer. The
primary objective is to quickly cool the line, so as to promote homogeneous liquid transfer and/or
to continue an ongoing test. On-orbit re-supply places additional constraints on the chilldown
process. The amount of cryogen used to cool the line must be minimized due to the high cost (per
pound) of payloads transported to orbit. Total chilldown time must also be considered because the
transfer operation must be performed such that the user spacecraft is not removed from service for

an extended period of time.!

Early testing was performed in 1966 at the National Bureau of Standards (NBS).2:3 This test
series was initiated to characterize the thermal response of two 3/4-inch-diameter, vacuum jacketed,
copper transfer lines, using liquid hydrogen (LH2) and liquid nitrogen (LN2) Various inlet
pressures and temperatures were investigated. Test results showed that pressure and flow surges
occurred during the initial phase of CTL chill-down. In fact, maximum pressures were sometimes
observed to exceed 40 atmospheres. Investigators hypothesized that these surges occurred when
the temperature of incoming liquid exceeded the local saturation temperature, resulting in rapid
boiling (or “flashing”) and a rapid increase in the specific volume of the fluid. Expansion created a
sharp rise in the local pressure resulting in backflow within the line. Cyclic pressure surges were
expected as the liquid front proceeded toward the open end of the line and the temperature of the
CTL wall approached that of the incoming fluid.

Predicting the transient pressure distribution and thermal response of a cryogenic transfer line was
again investigated in connection with a program to construct a ground test bed facility at the



Marshall Space Flight Center (MSFC).8 The facility was conceived to evaluate different design
and operational procedures for a typical fluid transfer line (such as might be used to conduct an
STV re-supply mission). The baseline system comprises a 100-foot stainless steel pipe and a large
thermal mass, intended to simulate a fluid coupling. A thermal/flow analysis was performed by
Martin Marietta Space Systems (MMSS) to determine the temperature and pressure transients that
would occur during the chill-down process.! MMSS later developed a detailed mathematical

model using the thermal network analyzer, SINDA8S5/FLUINT.4

In the present paper, attention is directed toward identifying and describing the physical processes
that occur when a saturated cryogenic liquid is introduced to a relatively warm transfer line. The
differential equations governing the ensuing events were constructed and a numerical algorithm
was developed to solve these equations.12 Pre-test predictions of the transient pressure and
temperature distributions, within the proposed CTL, were obtained using a computer program that
was constructed from the aforementioned numerical algorithm. A brief description of the test
article and testing procedure is also included in the paper.

2.0 CTL Test Article Description and Testing Approach

The testing approach taken has been to construct a full-scale test article which would represent a
fluid transfer line that might be used to link a propellant depot to a space transfer vehicle (STV).
The front and top views of the MSFC Cryogenic Transfer Line Facility (CTL) are shown in Fig. 1
and 2, respectively.

To perform CTL testing, the Foam/MLI cryogenic storage tank (FMLI test article) will be
connected to the transfer line and utilized as a receiver vessel. The thermal environment for the
CTL/FMLI assembly will be established primarily through the use of GH2/GHe injection with
additional control provided by the FMLI heater shield assembly used and the vacuum chamber LNy
cold walls. Internal line pressure will be controlled through the use of an ejector pump located in
the vent system. Since the CTL is an orbital transfer system, the vacuum chamber will be required

to obtain a vacuum in the 10-6 torr range.

An accurate characterization of the transfer line will require a record of CTL temperature and
pressure responses along with LH» consumption and GHj venting. These measurements will be
made with thermocouples, silicon diodes, pressure transducers and flow meters.

The overall length of the transfer line is approximately 120 feet. This length consists of a vertical
section which extends from the vacuum chamber penetration up to the CTL support structure and a
horizontal run which interfaces with the FMLI tank. All the tubing used consists of 321 stainless
steel with a 2 inch O.D. and a wall thickness of 0.02 inch. Three different transfer line
configurations will be tested as follows:

Transfer Line Configuration #1: This arrangement will consist of a stainless steel line without any
internal coating or composite substances. This line will run from the chamber penetration to the

valve box at the FMLI interface. This configuration will provide baseline performance data against
which configurations 2 and 3 will be compared.

Transfer Line Configuration #2: For this arrangement the entire section of stainless steel will be
replaced with a line, internally coated with Teflon, and tested in a similar manner to configuration

#1.

Transfer Line Configuration #3: The last arrangement would consist of the same set up as
presented in configuration 2 but with the addition of a short 11.5 foot composite section inserted
near the valve box at the FMLI interface.



The entire support frame structure used to hold the transfer line and valve box is made of 304
stainless steel and attached directly to the top of the existing FMLI tank support structure. The line
itself is seated in Teflon saddles which limit thermal conduction from the line to the support
structure. The support structure used for FMLI testing will be shortened by removing the lower 84
inches tower section before the CTL is placed in the chamber. This lowering will allow for easier
access to the test article elements. CTL instrumentation consisting of E-type thermocouples,

silicon diodes and pressure transducers are scattered all along the transfer line.8
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Figure 1. MSFC Cryogenic Transfer Line Facility (Front View)
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Figure 2. MSFC Cryogenic Transfer Line Facility (Top View)

3.0 Governing Equations

The technical approach discussed in this paper employed a "zero-dimensional” or lumped mass
approach3.6.7.12 developed at Sverdrup Technology, Inc. over the last three years. Due to inherent
complexity associated with modeling transient flows accompanied by change of phase further
development of the method was found necessary. These developments resulted into a new scheme

that has been described below.

In developing a mathematical model of a physical system, it is helpful to ask three questions: 1)
what are the physical processes occurring in the system?, 2) how can these physical processes be
represented by a system of governing equations?, and 3) how can these system of equations be

solved to predict the physical processes?

The physical processes which occur during chilldown of the cryogenic fluid transfer line system

may be described as follows:

1)
2)
3)
4)

flow of cryogenic fluid (liquid) from the reservoir tank to the pipe line

heat transfer from the pipe wall to the flowing fluid, a mixture of liquid and vapor

a change of phase from liquid to vapor

flow of fluid (vapor) from the pipe line to the receiver tank



These four processes must be represented by a system of governing conservation equations for
both mass and energy. Fig. 3 illustrates the mathematical model used to describe these processes
occurring within the CTL.
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Figure 3. Mathematical Model for the MSFC Cryogenic Transfer Line Facility
3.1 Liquid Mass Flow Rate Equation

The first physical process is described by the mass flowrate of cryogenic fluid (liquid) entering the
pipe (see Fig. 4) which is estimated from the Bernoulli equation

2g.144(P - Py,
iy, = CDPlApipc’\/ g 144 ;rk Plpcr (1)
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Figure 4. Schematic of CTL Pipe Entrance

where Cp is the discharge coefficient, pj is the fluid (liquid) density, Apipe is the cross-sectional

area of the pipe, gc is the conversion constant. The unsteady term in the Euler equation has been
neglected.



The discharge coefficient, Cp, is given by

1

Chyu=
Dmlc N 'Cc (2)
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where f is the friction factor, Ly is the liquid fluid length, D is the pipe diameter, and c¢ is the
coefficient of contraction.

3.2 Heat Transfer Rate

The second physical process is described by the rate of heat transfer from the pipe wall to the
flowing fluid (see Fig. 5) which is given by

q= hcrAs(Twall - Tpipc) + hchsv(Twall - Tpipe) 3)

where hc is the forced convection heat transfer coefficient, Ag is the wetted surface area of the pipe
for liquid and vapor regimes, Tpipe is the fluid temperature and Tyay is the wall temperature of the

transfer line.
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Figure 5. Schematic of CTL Fluid Interface

For fully developed turbulent flow in smooth tubes, the following relations for determining the
forced convection heat transfer coefficient for both the liquid and vapor regimes is recommended
by Dittus and Boelter, Ref.[6]

B _ISl PlUlD 0.8 (cp'ul)o.3
he, = 0.0265 D( m K, )
and
B K, [Pvu,D 8 cp,uv)°-3
he, = 0.0265 D ( - ) K, )

where K is the thermal conductivity of the fluid, u is the average velocity of the fluid, p is the

density of the fluid, D is the pipe diameter, U is the absolute viscosity of the fluid, and cp is the
specific heat at constant pressure (for the fluid); all properties are computed for the appropriate
phases of the fluid (i.e., vapor or liquid).



3.3 Phase Change from Liquid to Vapor

The third physical process is a change of phase from liquid to vapor. Within the saturation dome
(see Fig. 6) the rate of vapor being generated from the phase change is estimated by
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Figure 6. Schematic of Temperature-Volume Diagram

where my is the rate of vapor generated during the phase change, q is the rate of heat flow from the
pipe wall to the flowing fluid, and hg, is the latent heat of vaporization. The latent heat of
vaporization, hg,, may be estimated from the Clausius-Clapeyron equation

- .y dP
heg = Tsal(vg - vg) %: 7

where the saturation temperature, Tsa, and dP/dT are determined from an equation (Eq. 8) which
describes the vapor-pressure curve for a pure substance (see Fig. 7),

1nP=A+%+cmT+DT (8)

T

Figure 7.  Schematic of Vapor-Pressure Curve for a
Pure Substance



and the constants for Hydrogen are given by

A =2.117096
B =-158.5594
C =1.241988
D =0.0119178

3.4 Vapor Mass Flow Rate

The last physical process is described by the mass flowrate of cryogenic fluid (vapor) leaving the
pipe (see Fig. 8) which is estimated from the Bemoulli equation

Moyt = CDvapipe’\/ 2gc144(P‘;;ipe - Pamb) ©)
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where Cp is the discharge coefficient, py, is the fluid (vapor) density, Apipc is the cross-sectional
area of the pipe, gc is the conversion constant. The unsteady term in the Euler equation has been
neglected.

The discharge coefficient, Cp, is estimated by
1

CDomlel:
V T)‘g‘ + NBends (10)

where NBends is the number of bends in the pipe and Lg is the vapor fluid length.

3.5 Liquid Mass Conservation Equation

The next step is to integrate these physical processes into a set of governing conservation equations
for both the mass and energy.

The liquid mass conservation equation in discretized form is given by

My, 5 = M + rhlAT - I‘th’t (11)



where my is the resident mass of liquid at the current and previous time step, riy is the mass
flowrate of liquid entering the pipe, g is the rate of vapor mass being generated as a result of the
phase change, and 7 is the time.

3.6 Vapor Mass Conservation Equation

Likewise, the vapor mass conservation equation in discretized form is given by

My, pe = Myg + Ii‘1gA’c = r.nvA't (12)

where m, is the resident mass of vapor at the current and previous time step, my is the mass

flowrate of vapor leaving the pipe, and g is the rate of vapor mass being generated as a result of
heating.

3.7 Total Mass Conservation Equation

By adding both sides of the liquid and vapor mass conservation equations (Eq. 11 and 12) and
then substituting the left hand side of Eq. 13 and 14, the following result (Eq. 15) is obtained

Merar = Migpe + My - (13)

me = my + my, (14)
The complete mass conservation equation in discretized form may be expressed as

My, a¢ = My + AT - M,AT (15)

3.8 Pressure Equation

A pressure equation is next derived from the mass conservation equation. The purpose of this
derivation is to relate pressure (in the flow equation) to a thermodynamic equation of state.

The complete mass conservation equation (Eq. 15) can be rewritten as

o _dm . .
Mjn dt + Mgy (16)

where the mass flowrates are given in Eq. 1 and 9.

The time rate of change of the resident mass in discretized form is given by

dm _ Mriar - M
i - P @

Assuming the ideal gas law to be applicable, the resident fluid mass in the pipe may be written as

mt AT = PPiPCmM Vaat + PPiPWMV]vM + Ppipeum:vail"pm;
+AT
Zy, RTpiperac  ZinsRTpipenac  RairTairpae (18)

WAT




me = P pipcfvv, + P pipefvlf + Ppipmvakg
Zv<RTpipc4 Zl\RTpipe‘ RairTain (19)

where Z is the compressibility factor, R is the gas constant for hydrogen, Rajr is the gas constant
for air, and V is the volume of the fluid, a mixture of liquid, vapor, and air.

Following the substitutions of Eq. 1, 9 and 17 through 19 into the mass conservation equation,
Eq. 16 can then be rewritten as

(CpopiApipe)inict / zﬁ(Plank - Ppipecs) = PpipeaYv + PpipenssY lnac + Pripena:Y air
VI44{Puank - Ppipecsd ¥ PI AZ,, RTpipense ATZ1y,RTpipenss  ATRuirTair

Ppipctvvt Ppip(:IV]t PpipeTVair (CDvapipe)outlet 2gc P.. p
' ) ) " T#APp, - P y Frivec™ Pamt) 5
ATZ,RTpipe, ATZRTpipe; ATRairTair 44Ppipe. - Pamp) ¥ Pv

The mass conservation (Eq. 16) is now expressed in terms of pressure. Equation 20 is also
expressed in linearized form and is solved using an iterative method.

The above pressure equation can be expressed in a conservative form as follows

DPpipersar = APtank + BPamb + CPpiper Q1)

where the coefficients are given by

- (CDplApipc)inlcl 2gc
v 14"/l‘(l)tank - Ppipe} P1 (22)
- (CDVPvApipc)oullct 2gc or (CD.i.PairApipe)oullet 2gc 23)
v 144(Ppipcmg' Pa.mb) Pv v 144(Ppipem<' Pamb) Pair
C= VvI + Vlt + Vairg (24)
ATRTpipe.  ATZRTpipe, ATRgirTair
Vy .
D=A+B+ VAT VlﬂAt + vwwAr (25)

MRTpipeese  AZeoptRTpipenss ATRuirTair

Equation 21 is non-linear since the coefficients A and B are functions of Ptank and Pamb,
respectively. It may be noted in Eq. 23 that there is no flow of hydrogen vapor exiting the pipe
until the air has been displaced.

Let us now address the question of coupling between heat transfer and fluid flow. In Eq. 21, the
heat transfer effect is conveyed through the coefficient C (see Eq. 24). This coefficient accounts
for the contributions to pressure of both the liquid, vapor and air if present. Furthermore, if the
temperature drops quickly, the corresponding decrease in the line pressure gives rise to a transient
effect that is predicted through this coefficient. It may also be noted that by setting the constant C

10



equal to zero results in the steady-state solution because the transient nature occurs through the
energy equation.

3.9 Energy Conservation Equation

The next step in the determining a set of governing conservation equations is to derive the energy
conservation equation. For the CTL there are two energy equations, one for the fluid in the pipe
and one for the pipe wall itself (see Fig. 9 and 10).

An applicable form of the energy conservation equation for the fluid in the pipe is given by

. . 72
ri‘linhin +q= Mouthour + a%(mu + %) (26)
In discretized form Eq. 26 may be rewritten as follows
Mpipcradpipenar = Mpipe pipe: + (minhin + q - l'houlhout)A't (27)

7 2
It is noted that the time rate of change of kinetic energy, (%{mzl"), has been neglected. This
assumption would not contribute to a significant error.
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Figure 9. Schematic of CTL Illustrating the Heat Flowrate for the Fluid
For the CTL pipe wall, the energy equation may be expressed as
% (MpipeCpppeLwall) = - G (28)
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Figure 10. Schematic of CTL Illustrating Heat Flow from Pipe Wall to Fluid

where q is the rate of heat transfer from the pipe wall to the flowing fluid; mpipe is the mass of the
CTL (or pipe); Cppipe is the specific heat of the pipe; and t is the time. The pipe wall material is
321-stainless steel and hydrogen is the working fluid.
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The wall temperature, Twall, is calculated by rearranging Eq. (28) in discretized form

- .44t 2
Tt = Tl e @)
3.10 Equation of State

The resident mass of liquid and vapor may be determined by the equation of state with the addition
of an appropriate compressibility factor.

The liquid mass may be estimated by

P pipemxvlwn

m =
1\’0A1 Zl“AfRTpipepdt (30)

The vapor mass may be estimated by

n] = Ppipc“[\‘(vv'w AT
Vaart Z\’T“\TRTpipCp‘“ (3 1)
For an ideal fluid, the compressibility factor is given by Z = 11;—,‘{; For a real fluid, Z; and Zy may

be expressed by the Van der Waal Equation given by

Saturated
Z, | Vapor

Critical

AZ3+BZ2+CZ+D=0 (32) Point

Saturated
Liquid

P

Z i

Figure 11. Schematic of Compressibility Chart for a Pure Substance

The Van der Waal Equation is a cubic polynomial with two real roots Z; and Zy and an imaginary

or complex root. The compressibility factor for Zy has been assumed to be 1. The liquid
compressibility factor, however, is calculated using the bisection method in determining the roots
of the equation. The constants are determined from the following expressions:

12



A=l (33)
B

8T, (34)
C 27P, )
64T,? (35)
_. ( 27P2 )
512T. (36)
P .
P, =" 37
‘ Perit 37
T .
T, = P2 38
j Terit (38)
3.11 Pipe Fluid Temperature
The fluid temperature in the CTL is evaluated in accordance with the following procedure:
1. For the given fluid pressure, Ppipe, calculate the saturated internal energies for

the liquid, uf, and vapor, ug.

12

Compare internal energy of the fluid within CTL, upjpe, with the saturated internal
energies for the liquid, uf, and vapor, ug.

u-u
If upipe < UE; Toipe = T+ ot (39)
If ur < upipe < ug; Tpipe = Tsai(Ppipe) (40)
(u - ug)
If Upjpe > ug; Tpipe =Tea + o £ (41)

where c, is the specific heat at constant volume for liquid and the vapor.

4.0 Numerical Solution Method

The differential equations described in the previous section has been solved by an iterative, fully
implicit method. The calculation procedure comprises of the following steps (as illustrated in Fig.
12):

1. Initially the line contains Air at a ambient pressure. At time T =0, Ppipe= Pamp and
Tpipc = Tamb.

2. Beginnew time T=17+ At

3. Ca(ljcill)ate mass of liquid and vapor from mass conservation equations, Eq. 11
and 12.

4. Calculate Ppipe from pressure equation (Eq. 21).

5. Calculate internal energy of the working fluid from energy equation (Eq. 27).

13



6. Calculate wall temperature from energy equation for pipe wall (Eq. 29).

7. Calculate thermodynamic state properties from various thermodynamic property
relationships.

8. Calculate working fluid temperature in pipe, Tpipe, from Eq. 39 through 41.

9. Calculate mass and energy percent error in the CTL at the beginning and at the end
of each iteration given by

Am =mg|q - Mpew and  Au=ug|g - Upew

Error = M and Error = M
Mg Uold

10.  Repeat steps 3 to 9 until convergence is satisfied.

11.  Move to a new time (step 2) and all subsequent steps are repeated until end of time
or when the wall temperature equals the fluid temperature is reached.

Typical run times are between 3 to 6 minutes in a 486-based PC. Average number of iterations per
time step (time step = 0.002 sec.) for the mass and energy loops are between 5 and 13,
respectively. The convergence criterion for both the mass and energy loops was set at 1.0E-05.
Mass and energy underrelaxation constants were arbitrarily set at 0.5. As of this writing their has
been no attempt to perform an optimization study to obtain the best set of solution control
parameters for an optimized solution.

5.0 Analysis Results

Predictions of the time-dependent pressure, temperature, resident mass, heat transfer coefficient,
and (thermodynamic) quality are presented for various combinations of the tank pressure, exit

pressure, and initial CTL wall temperature.!2

Figure 13 depicts the pressure history for a supply (tank) pressure of 25 psia, an exit pressure of 5
psia, and an initial line wall temperature of 300 R. The plot shows a pressure spike of 225 psia,
occuring at 0.15 seconds, followed by a steady pressure of 25 psia (through 4.6 seconds); after
4.6 seconds, the pressure gradually approached the exit value of 5 psia. A pressure fluctuation at
approximately 4.2 seconds was attributed to the change in fluid conditions between the superheated
and saturated regimes (as evidenced by the quality history). The CTL chill-down time was 5.8
seconds.

Figure 14 shows the predicted temperature history of the CTL wall and the fluid in the pipe. Here
again, the CTL wall temperature was initially 300 R and decreased to the saturation temperature
(i.e. 30 R) in 5.8 seconds. The fluid temperature rose to a maximum of 215 R, followed by an
eventual decrease to 30 R. The fluid temperature instability stemmed from a difficulty associated
with calculating fluid properties near the critical point.

Figure 15 gives the respective mass histories of the liquid and vapor phases, within the CTL. The
mass of vapor initially peaked at 0.8 1bm (at 0.16 seconds) and later droped to 0.20 Ibm (at 0.40
seconds). A gradual increase occured thereafter, followed by a monotonic decrease to zero, as
vapor was ultimately replaced by a homogeneous liquid phase at 5.2 seconds. The liquid mass
rose to 0.6 1bm (at 0.10 seconds) and then fell to zero; this phenomenon was attributed to the sharp

14



pressure rise (i.e. to a value exceeding the tank pressure) which tended to force the liquid column
back into the supply tank. The liquid mass remained at zero until saturation conditions were again
attained at 4.2 seconds. After 4.2 seconds, the predicted liquid mass began to rise. In general, the
liquid mass continues to increase until the temperature of the CTL wall reaches the saturation
temperature of the fluid (for known tank pressure) or until the liquid column reaches the open end
of the pipe.

Figure 16 shows the heat transfer coefficient as a fuction of the time elapsed following introduction
of fluid into the CTL. This plot suggests a rapid rise and a subsequent peak near 0.50 BTU/ft2-R;
the maximum value coincides with the reported pressure spike. The heat transfer coefficient
undergoes a marked increase begining at approximately 4.6 seconds. This behavior is attributed to
a concurrent increase in the mass flowrate of the liquid phase.

Finally, Figure 17 depicts the relationship between (thermodynamic) quality and the time elapsed
from the start of fluid flow. This plot indicates that fluid conditions were initially saturated but that
the quality increased as the fluid approached the superheated state. Saturated conditions were again
attained at 4.2 seconds and a subsequent decrease in the quality was noted, up to the time at which
the CTL wall temperature reached Ty

6.0 Conclusions

An original approach was developed and applied to predict unsteady heat transfer and fluid flow,
within a cryogenic transfer line, during the cooling process. This method was used to estimate the
chill-down time, as well as the pressure and temperature histories, for a CTL of known length and
wall thickness. Numerical results appear plausible and support limited experimental data; however,
validation of the methodology requires a direct comparison of transient predictions with a
comprehensive body of test data (which is not yet available). The present work provides a
foundation for the development of progressively more complex models involving one and two-
dimensional representations of the CTL and/or intermixed two-phase flow.

15
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Driving Pressure of 25 psia, Exit Pressure of 5 psia, Twall of 300R.

18



PTANK = 25 PSIA, PEXIT = § PSIA, TWALL = 300 R
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Figure 17. Line Fluid Quality History with Saturated Liquid Hydrogen at a Driving
Pressure of 25 psia, Exit Pressure of 5 psia, Twall of 300R.
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